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Introduction 1
Healthy aging is characterized by a decline in motor control. At the behavioral level, age-related 2 declines are evident in a variety of tasks including motor coordination [1-4], cancelling a planned 3 motor task [5, 6] , and tasks requiring processing speed [7, 8] . These functional declines can be 4 explained by a natural process of neurodegeneration and are linked with cortico-subcortical 5 alterations [9], including changes in structural [1, 10] , functional [11, 12] and biochemical [13-6 15] properties of the brain. These neurodegenerative processes appear to be associated with 7 poorer regulation of cortical inhibition [9, 16] . Along these lines, it has been argued that age-8 related motor declines can at least partly be explained by changes in cortical inhibitory function 9 in the primary motor cortex (M1) (for a review see [16] ). 10
The modulation of cortical inhibition in the human brain can be assessed with 11 transcranial magnetic stimulation (TMS). Specifically, TMS can provide a measure of activation 12 of gamma-aminobutyric acid type A (GABA A ) and type B (GABA B ) receptors, mediating 13 inhibition at shorter [short-interval intracortical inhibition (SICI)] and longer [long-interval 14 intracortical inhibition (LICI)] time scales, respectively [17] . Furthermore, TMS is a suitable tool 15 to investigate age-related inhibitory processes in combination with motor performance. However, 16 while numerous TMS studies examined and identified age-related changes in the properties of 17 the inhibitory system at rest [14, 18, 19] , only few addressed age-related dynamic changes in 18 GABA A - [20, 21] and GABA B -ergic [22] inhibition during the preparation of a motor task. In the 19 current study, we restrict the focus to the 'fast-acting' GABA A receptor-mediated inhibitory 20 system. Previously, Heise et al. (2013) investigated modulations in GABA A -mediated cortical 21 inhibition during movement preparation in a visually triggered simple reaction time task and 22 additionally tested the relations between these modulations and performance on tasks with 23 graded dexterous demand. They reported a drastic reduction in event-related modulation of 24 GABA A -ergic inhibition (i.e., reduced release of inhibition) in older adults, hence underscoring 25 the particular importance of GABA A -ergic inhibition for the processing of motor actions. In 26 another TMS study, Fujiyama et al. (2012) investigated age-related changes in modulation of 27 GABA A -ergic inhibition during response preparation and generation of a go/no-go reaction time 28
(RT) task [20] . They reported that only young adults (and not older adults) were able to modulate 29 GABA A -ergic inhibition (i.e. decreased inhibition) during response preparation. More 30 importantly, both studies revealed that successful performance of a motor task in older adults is 31 associated with the capacity to modulate cortical inhibition through GABA A -ergic 1 neurotransmission systems. 2 Whereas TMS can be used to identify GABA-mediated inhibition, magnetic resonance 3 spectroscopy (MRS) can be applied to reliably quantify in vivo GABA levels in specific regions 4 of the brain [23] [24] [25] [26] . Even though an age-related decrease in GABA levels in various regions of 5 the aging brain [27] [28] [29] [30] [31] has been identified in multiple studies, a minority reported no age-related 6 differences [14, 32] . On the one hand, methodological differences and tissue correction methods, 7 in particular, may have contributed to this inconsistency in findings [14, 15, 29] . On the other 8 hand, it is likely that GABA levels in some brain regions are more prone to aging as compared to 9 others [31] . 10 Previous work reported no associations between sensorimotor (SM) GABA levels and 11 'resting-state' SICI [14, [32] [33] [34] (targeting GABA A receptors). So far, associations between 12 GABA levels and task-related modulations in GABA A receptor-mediated inhibition have not 13 been investigated. In the present study, we used a multimodal approach (1) to unravel the age-14 related differences in GABA A receptor-mediated inhibitory processes in left and right M1's 15 during the preparation (period between warning and imperative signal) and premotor (period 16 between imperative signal and movement initiation) phase of a choice reaction time (CRT) task; 17
(2) to identify the age-related differences in the MRS measures of GABA levels in left and right 18 SM cortices; and (3) to explore the relation between TMS measures of task-related GABA A 19 receptor-mediated inhibition and MRS measures of GABA levels in the SM regions. We 20 anticipated that age-related differences in GABA-ergic inhibition might be better revealed when 21 using a more compelling motor paradigm [i.e. selecting the required effector(s) and active 22 response inhibition of the non-selected effector(s)] as compared to resting-state GABA A 23 receptor-mediated inhibition. Therefore, we presumed that a link between MRS GABA levels 24 and task-related modulation in GABA A receptor-mediated inhibition would be unmasked as 25 modulations in GABA A receptor-mediated inhibition might be dependent on MRS GABA levels 26 in the corresponding SM brain region. More specifically, we tentatively predicted a positive 27 relationship between GABA levels and GABA A receptor-mediated inhibition because higher 28 GABA levels might be required to ensure successful modulation at the receptor level. 29
Consequently, we predicted that lower SM GABA levels in older adults might limit task-related 30 modulation in GABA A receptor-mediated inhibition. 31 
Material and methods

Experimental design 15
The study consisted of 3 experimental sessions. In the first session, high-resolution anatomical 16 MRI and GABA-edited MRS data were acquired. In the second and the third session, TMS was 17 applied to assess task-related measures of SICI in left and right M1, respectively. In each session, 18 only one hemisphere was targeted. Stimulation order (left/right M1) was counterbalanced across 19 participants. The timings between the MRS scan and the first TMS session, and between TMS 20 session 1 and 2 were 9.19 ± 6.04 and 1.63 ± 2.04 weeks (mean ± s.d.), respectively. 21 22 2.3 Magnetic Resonance Spectroscopy 23
Data acquisition 24
A Philips 3T Achieva MR scanner (Philips Healthcare, The Netherlands) with a 32-channel 25 receiver head coil was used for acquisition of a high-resolution 3D magnetization prepared rapid 26 gradient echo (MPRAGE) T 1 -weighted anatomical image (TR = 9.6 ms; TE = 4.6 ms; 0.98 × 27 0.98 × 1.2 mm 3 resolution; field of view = 256 × 256 mm 2 ; 160 sagittal slices; flip angle = 8°). 28
The edited MRS protocol was used to measure GABA with contribution from macromolecules 29 (MM), commonly referred to as GABA+, using MEGA-PRESS: 14-ms editing pulses at 1.9 30 parts per million (ppm) of the proton frequency (edit-ON) and 7.46 ppm (edit-OFF); TR = 2000 ms; TE = 68 ms; 320 averages; 2048 points; 2 kHz spectral width; MOIST water suppression 1 [39] . GABA+ levels were measured in 3 × 3 × 3 cm 3 voxels. The left and right M1 voxels were 2 centered over the hand knob area [40] , parallel to the anterior and posterior axis. Due to overlap 3 with the primary sensory area, we call this an SM voxel. The voxel was rotated to align with the 4 cortical surface based on the coronal and sagittal views (see Fig. 1A ). 5 6 2.3.2 Data processing 7 Data were processed offline using the Gannet 3.0 toolbox [41] in MATLAB (R2016b, The 8
MathWorks Inc., Natick, MA, 2000). Water was used as an internal concentration reference. 9
Each dataset was frequency-and phase-corrected using spectral registration [42] and filtered 10 with 3-Hz exponential line broadening. The area under the edited GABA+ signal at 3.0 ppm was 11 estimated (see Fig. 1B ). This editing scheme leads to a GABA signal that is approximately 12 composed of 50% macromolecules, which are coupled to spins at 1.7 ppm that are also inverted 13 by the 1.9 ppm editing pulses. Therefore, all GABA values are reported as GABA+ (i.e., GABA 14 + macromolecules). GABA+ and unsuppressed water signals (sixteen unsuppressed water 15 averages were acquired from each voxel) were modelled using a single Gaussian function with 16 linear baseline parameters and a Gaussian-Lorentzian model [41], respectively. Next, MRS 17 voxels were co-registered to the T 1 -weighted image and segmented to determine the different 18 voxel tissue fractions [gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF)]. 19
Based on these tissue fraction measurements, tissue-corrected GABA+ values were obtained for 20 each voxel [41] . Tissue correction is necessary as it is assumed that GABA+ levels are negligible 21 in CSF and twice as high in GM as compared to WM [43] . Additionally, tissue-specific 22 relaxation and water visibility values were taken into account. Finally, GABA+ levels from each 23 participant were normalized to the average voxel composition of the corresponding age group 24 (see [43] ; equation 6). This full tissue normalization thus results in a GABA+ value taking into 25 account the average voxel tissue composition for the cohort. 26
One older participant was excluded from the analyses as the data was not usable due to an 27 error in the scanner settings. Before entering data into the statistical analysis, data quality was 28 checked by examining the voxel placement, fit error (cut-off: 10%) of the GABA peak, the 29 scanner frequency drift (expressed in Hz), lipid contamination, and water suppression. 30
Subsequently, data from the left SM voxel for one older participant was excluded from the 31 analyses due to a high fit error (fit error = 39.90%). For the right SM voxel, data from four older 1 adults were excluded (two had fitting errors of 15.20% and 33.50%, voxel placement was 2 incorrect for one participant, and one spectrum was compromised due to lipid contamination in 3 another participant). Consequently, 23 datapoints from the left and 20 datapoints from the right 4 SM for the older group and 25 datapoints from left and 25 datapoints from the right SM for the 5 young group were included in the analyses. presented by keeping both green LEDs off until the onset of the next WS. Inter-trial intervals 20 (i.e., time between two WS) were randomly varied between 4 and 6 s. Subjects were instructed to 21 abduct and reposition the responding index finger as soon as possible following the IS. At the 22 start of a trial, both index fingers were resting on their home button switches (Honeywell V-7-23 2B17D8-162, operating force 0.10 N, Honeywell, Charlotte, USA). These switches were 24 embedded in the platform and the gravitational force applied to the index finger was sufficient to 25 activate the switch. The target button switch (Omron Electronic Components D2FS-FL-N-T, 26 operating force 0.25 N, Omron, Osaka, Japan) was set perpendicular to the platform as this 27 orientation was most optimal to register the index finger abduction. The distance between the 28 midpoint of the home buttons was 45 cm. Target buttons were positioned 1.5 cm medial and 1 29 cm lower with reference to the home button. Reaction time (RT) was defined as the time 30 between the start of the IS and the release of the home button. For each trial, data collection was 31 initiated 0.1 s prior to the onset of the WS and lasted for 1.5 s after WS onset. Only during the 1 first TMS session, all participants performed an additional 40-trial practice block (12 right 2 responses, 12 left responses, 12 bimanual responses, and 4 no-response trials) without TMS to 3 familiarize them with the task and the setup. The same block was then repeated to calculate the 4 timing of EMG onset. In the second session, this block was also presented, but without a 5 familiarization block. The 75% time point of EMG onset was calculated for each participant 6 individually and was defined as the average of the correct trials of the unimanual responses. For 7 each trial, the 75% EMG onset was visually inspected and determined using a customized 8 MATLAB script. The EMG signal preceding the release of the finger was rectified and onset was 9 defined as the time point at which the EMG burst started to ramp up. We chose to include a time 10 point for TMS application immediately prior to EMG (75% EMG) onset as we anticipated that 11 task-related modulations in cortical excitability were present at this time point [44] . 12
After determining the 75% EMG onset timing, the main experiment started. This consisted of 3 13 blocks, each containing 54 trials. These 54 trials were combinations of the requested response 14 (left, right, bimanual or no-response trial), timing of the TMS pulse (WS, IS or 75% EMG onset) 15 and type of TMS [single-pulse (sp) or paired-pulse (pp)] (see Appendix, Table A .1, for details). waveform was used to induce a posterior-anterior current in the brain. Prior to experimental 19 measurements, spTMS was used to determine the optimal stimulation locations (hotspots) of left 20 and right M1. For this purpose, each participant wore a swimming cap, containing an orthogonal 21 1 × 1 cm 2 coordinate system, with references to anatomical landmarks (nasion, inion, and left 22 and right auditory meatus). TMS was applied to the scalp with the coil rotated 45° away from the 23 midsagittal line [46] . The hotspot was defined as the scalp location yielding the highest average 24 motor evoked potential (MEP) after five consecutive stimulations of the relaxed FDI muscle. The 25 coil position and orientation at the hotspot were co-registered to the individual anatomical MRI 26 image using an MRI-based neuronavigation system (Brainsight, Rogue Research Inc, Montreal, 27 Canada). For each hotspot, the resting motor threshold (rMT) was defined as the lowest 28 stimulation intensity evoking MEPs with an amplitude larger than 50 µV peak-to-peak in at least 29 five out of ten consecutive trials at rest [47] . Age-related inhibitory differences within each 30 hemisphere were assessed using ppTMS. Specifically, a conditioning stimulus (CS) was 31 followed by a test stimulus (TS) with an interstimulus interval of 3 ms to measure SICI. CS was 1 set at 80% rMT [14, 48] and TS was adjusted to elicit unconditioned MEP amplitudes ~1 mV 2 peak-to-peak [14, 21] . 3 4 2.4.4 Data processing 5
MEPs were excluded from analysis based on a strictly standardized procedure, namely in case of 6 either incorrect or premature responses, if these occurred after the onset of voluntary EMG 7 activity in the FDI muscle, or if these did not appear within a 40-ms window starting 10 ms after 8 the onset of TMS. In addition, MEPs were discarded if the root mean square of the EMG signal 9 in one of the FDI muscles exceeded 20 µV during the 50-ms period immediately preceding the 10 onset of the TMS pulse (i.e., high background EMG). Average MEPs were calculated based on 11 at least 8 out of 12 repetitions for each TMS condition. Pulse timing at 75% of the EMG onset 12 was recalculated after the experiment was finalized and resulted in an average timing of 71.88 ± 13 10.70% EMG onset (mean ± s.d.) and 68.53 ± 11.00% EMG onset (mean ± s.d.) for older and 14 young adults, respectively. SICI was defined accordingly: (1 -(MEP pp / MEP sp )) * 100 [ Age group differences in tissue fractions (GM, WM, CSF) and quality metrics (frequency 17 drift and fit error) were identified using independent t-tests or Mann-Whitney U tests. 18
The significance level was set to α = 0.05 for all analyses, unless specified otherwise. 19
Results 1
Detailed results of the LMMs are included in Appendix, An LMM including fixed effects for AGE GROUP (young and old), RESPONSE (left, right and 5 bimanual) and a random intercept for SUBJECT revealed a significant main effect for AGE 6 GROUP (F 1,50 = 29.104, p < 0.001). There was no significant AGE GROUP × RESPONSE 7 interaction effect (F 2,100 = 1.521, p = 0.224), nor a main effect for RESPONSE (F 2,100 = 2.776, p < 8 0.067). These results indicate that older adults were slower than younger adults and that RT 9 values within age groups were similar for the required response (see Table 1 for RT values). 10 11 12 13 
DOMINANT (LEFT) SENSORIMOTOR VOXEL
NON-DOMINANT (RIGHT) SENSORIMOTOR VOXEL 1 effects for AGE GROUP (young and old), HEMISPHERE (left and right) and TIMING (WS and 2 IS), and a random intercept for SUBJECT revealed a significant main effect of AGE GROUP 3 (F 1,40 = 4.661, p = 0.037) and a significant AGE GROUP × HEMISPHERE interaction (F 1,120 = 4 4.846, p = 0.030). Tukey HSD contrasts revealed reduced inhibition in older as compared to 5 younger adults in the dominant (left) hemisphere (z value = -2.914, p = 0.017). The AGE 6 GROUP × HEMISPHERE × TIMING (F 1,120 = 0.074, p = 0.787) and AGE GROUP × TIMING 7 (F 1,120 = 0.112, p = 0.727) interactions were not significant, indicating similar SICI values for 8 both age groups from WS to IS. 9 10 11 
NON-DOMINANT (RIGHT) M1
PREPARATORY PERIOD PREMOTOR PERIOD discussed, as they fall outside the scope of this work. Tukey HSD contrasts are reported in Table  1 A.6 in the appendix. The AGE GROUP × HEMISPHERE × RESPONSE (F 3,293.060 = 0.299, p = 2 0.826), AGE GROUP × RESPONSE (F 3,293.060 = 1.523, p = 0.209) and AGE GROUP × 3 HEMISPHERE (F 1,293.061 = 1.793, p = 0.182) interactions were not significant, indicating that 4 SICI profiles in the premotor period did not depend on AGE GROUP. 5 6
Relationship between GABA+ and SICI measures 7
An exploratory correlation analysis (see Table 3 older adults, suggesting that higher GABA+ levels were related to stronger inhibition at these 13 TMS timings. However, after Bonferroni correction none of the correlations remained significant 14 (critical p-value for significance: 0.005/6 = 0.008). 15 16 17 18 
Discussion 1
The present study yielded three major findings. First, GABA+ levels in both dominant and non-2 dominant SM voxels were found to be significantly lower in older adults compared to their 3 younger counterparts. Additionally, a lateralization effect was identified, indicating significantly 4 higher GABA+ levels in the dominant as compared to the non-dominant SM voxel, irrespective 5 of age group. Second, as compared to young adults, older adults showed a significant decrease of 6 inhibition (as measured with SICI) in the preparation phase of the CRT task within the dominant 7 M1. Finally, results from an exploratory correlation analysis pointed towards positive 8 relationships between MRS-assessed GABA levels and TMS-derived task-related SICI 9 measures. However, after correction for multiple comparisons none of the correlations remained 10 significant. 11 12
Age-related differences in GABA+ levels and lateralization between SM regions 13
GABA+ levels in the SM voxels were significantly lower in older as compared to younger 14 adults. This result is in line with other work [27, 54, 55] which also reported significantly lower 15 SM GABA+ levels in older as compared to young adults. In contrast, some studies reported no 16 differences in SM GABA+ levels between age groups [14, 32] . As the field of GABA MRS is 17 rapidly evolving, it is highly likely that differences in results can be accounted for by 18 advancements in methodology and analysis methods. For example, Maes et al. (2018) reported 19 that the identification of age-related changes in GABA+ levels is dependent on whether brain 20 structure alterations are considered in the quantification of GABA+ levels [15] . The study of 21 GABA levels is of broader interest for the neuroscience of aging because GABA may play a role 22 in compensation versus dedifferentiation mechanisms of aging. More specifically, brain 23 dedifferentiation refers to reduced neural distinctiveness of neural representations in older adults 24 and this may be a direct consequence of reduced inhibitory function. A decrease in neural 25 specialization may be associated with increased brain activation and/or increased functional 26 connectivity among the brain networks in older adults [56] . 27
In addition to an age-related difference in SM GABA+ levels, the current study 28 identified, for the first time, an 'asymmetry' in SM GABA+ levels between the dominant and 29 non-dominant hemisphere, irrespective of age group. Our results differ from previous work of There is also evidence that higher SM GABA+ levels are related to better sensorimotor 16 performance (for a review see [61] ). Moreover, it is likely that higher GABA+ levels give rise to 17 a better GABA modulation and that this modulatory capacity is stronger in the dominant 18 hemisphere. In this respect, a study from Hammond et al. (2004) [63] . Besides asymmetries in intracortical circuits, there is also evidence 23 for asymmetry in interhemispheric inhibition [64, 65] . Moreover, inhibition from the dominant to 24 the non-dominant hemisphere is found to be stronger as compared to the opposite direction [64, 25 65]. Therefore, we can speculate that higher GABA+ levels in the dominant M1 could be related 26 to a more efficient modulation of intra-and inter-cortical excitability which might result in better 27 execution of more complex movements (requiring fine motor control) in the dominant hand. To 28 clarify this idea, future research linking GABA+ levels with a more extensive battery of 29 neurophysiological measurements and motor tasks is recommended. 30
We also investigated whether asymmetry in GABA+ levels could be explained by 1 anatomical asymmetry in the motor cortex [66, 67] . However, the similarity in tissue fractions of 2 the left and right SM voxels reported in the current study does not support the idea that the 3 reported GABA+ level asymmetry could be attributed to morphological asymmetry. 4 5 4.2 Age-related differences in task-related GABA A receptor-mediated inhibition 6
The age-related reduction in inhibition observed in the current study is in line with previous 7 experiments that measured event-related SICI [21] or SICI at rest [14, 18, 19] . This decrease of 8 inhibition was observed only in the dominant M1 and only during the preparation phase of the 9 CRT task. This observation is in agreement with the findings of our earlier work [68] in which a 10 similar TMS-CRT paradigm was used, albeit without any ppTMS SICI recordings, focusing only 11 on spTMS excitability. Here, Cuypers et al (2013) revealed that older adults showed significantly 12 less MEP suppression as compared to young adults in the (left) dominant M1 during the 13 preparation phase [68]. In the premotor period, no significant age group effect was reported, 14 consistent with our previous work [68] in which similar MEP levels for older and young adults 15 were found towards movement onset of a CRT task. 16 17
Age-related associations between GABA+ levels and task-related modulations in GABA A 18
receptor-mediated inhibition 19
Recent studies showed no association between resting-state SICI, targeting GABA A receptors, 20
and SM GABA+ levels [14, [32] [33] [34] . Our exploratory correlation analysis, however, suggests 21 relationships between task-related SICI and GABA+ levels. Interestingly, these relationships 22 were only found in older adults and were restricted to the non-dominant hemisphere. More 23 specifically, there was a positive relationship between GABA+ levels and SICI (both measured 24 in the non-dominant hemisphere) at the warning signal of the preparatory period and in the 25 bimanual response condition of the premotor period (see appendix, Fig. A.2 & A. 3), suggesting 26 that higher GABA+ levels were related to stronger inhibition. Nonetheless, the results from this 27 exploratory correlation analysis should be interpreted with caution as none of the tests survived 28 correction for multiple comparisons. Future research is desirable to confirm these results and 29 unravel the underlying mechanisms. 30 31
Limitations 1
A first limitation is the relatively large voxel size (3 × 3 × 3 cm 3 ) used for GABA-edited MRS. 2 Consequently, the volume measured with MRS exceeds the area targeted with TMS. Therefore, 3 GABA levels measured in this study are originating not only from the M1 region, but also from 4 the adjacent primary somatosensory cortex (S1). However, to ensure a sufficient signal-to-noise 5 ratio and avoid long scanning times, a voxel of this size is commonly used for GABA-edited 
Conclusion 20
We have demonstrated that GABA+ levels in both SM voxels were lower in older as compared 21 to their younger counterparts and found a lateralization effect, indicating higher SM GABA+ 22 levels in the dominant as compared to the non-dominant hemisphere in both age groups. Further, 23 older adults showed decreased SICI in the preparation phase of the CRT task within the 24 dominant M1, as compared to young adults. Finally, associations between SM GABA+ levels 25 and task-related modulations in GABA A receptor-mediated inhibition were explored and pointed 26 towards positive relationships. However, after correction for multiple comparisons none of the 27 correlations remained significant. 28 1
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